We recently showed that targeting bSMase (bacterial sphingomyelinase) specifically to mitochondria caused accumulation of ceramide in mitochondria, and induced cytochrome c release and cell death [Birbes, El Bawab, Hannun and Obeid (2001 ) FASEB J., 15, 2669-2679. In the present study, we investigated the role of this mitochondrial pool of ceramide in response to a receptormediated event, namely TNFα (tumour necrosis factor α), and the involvement of this mitochondrial pool of ceramide in Bax translocation to mitochondria, an event that precedes cytochrome c release. Treatment of MCF7 cells with TNFα caused an increase in ceramide levels in the mitochondrial fraction which accompanied Bax translocation to mitochondria. Targeting bSMase to mitochondria specifically resulted in Bax translocation to mitochondria, suggesting that the mitochondrial ceramide pool is involved in Bax translocation. Moreover, in a reconstituted cell-free system, treatment of isolated mitochondria with bSMase enhanced Bax association with mitochondrial membranes. Collectively, these results suggest that the generation of ceramide in mitochondria in response to TNFα is sufficient to induce Bax translocation to mitochondria and subsequent cytochrome c release and cell death.
INTRODUCTION
Apoptosis induced by TNFα (tumour necrosis factor α) is a complex event that involves a variety of mediators and regulators, including proteases, the sphingolipid ceramide and Bcl-2 family members. It is now well established that mitochondria have a central role in the control of apoptosis. In fact, many death signals, including TNFα, converge on mitochondria through the activation of pro-apoptotic members of the Bcl-2 family, including Bak, Bad, Bid and Bax. In response to apoptotic stimuli, these proapoptotic proteins redistribute from the cytosol to the mitochondria [1, 2] . The translocation of Bax is accompanied by apparent changes in Bax conformation, unmasking its N-terminus [3, 4] and resulting in Bax oligomerization, which promote the permeabilization of the outer mitochondrial membrane. Released intermembrane space proteins include cytochrome c, which complexes with Apaf-1 (apoptotic protease-activating factor 1) and caspase 9 to form a post-mitochondrial apoptosome that amplifies effector caspase activation [5, 6] . Cytochrome c plays an essential role in apoptosis, since cell lines from mice that have a disrupted gene are refractory to apoptosis induced by stimuli that affect mitochondria [7] . However, cytochrome c release alone does not appear to be sufficient to trigger apoptosis. It has to act in concert with other pro-apoptotic proteins to ensure commitment of cells to death. Thus the mitochondrial intermembrane protein Smac/DIABLO [direct IAP (inhibitor of apoptosis) protein-binding protein with low pI] is also released in the cytosol and facilitates activation of caspases indirectly, by eliminating their inhibition by IAP proteins, a family of proteins which suppress apoptosis by antagonizing caspase 3 activation [8, 9] . In addition to pro-caspases and activators of caspases, the mitochondrial intermembrane space contains caspase-independent death effectors, such as the AIF (apoptosis-inducing factor). Thus the mitochondrion has a key role in the control of apoptosis, as it is an integrator of cell death pathways and a death executioner.
Several studies have demonstrated strong links between ceramide and the mitochondrion in the regulation of apoptosis (for a review see [10] ). For example, (i) treatment of isolated mitochondria with ceramide led to inhibition of mitochondrial respiratory chain complex III [11] , (ii) mitochondrial targeting of bSMase (bacterial sphingomyelinase) induced ceramide accumulation in mitochondria that was sufficient to induce cytochrome c release and apoptosis [12] , (iii) ceramide was found to activate a mitochondrial PP2A (protein phosphatase 2A), which rapidly and completely dephosphorylated Bcl-2 and led to cell death [13] , and (iv) ceramide-metabolizing enzymes have been localized to mitochondria, such as a bovine liver ceramide synthase [14] and a human ceramidase [15] . Another line of evidence that suggests the possibility that ceramide could interact with the mitochondrial apoptotic machinery is supported by studies on Bax. Ceramide was shown to potentiate synergistically the induction of mitochondrial permeability transition by Bax [16] . Cells lacking Bax were found to be resistant to ceramide-induced apoptosis, whereas cells in which Bax expression was restored regained sensitivity to ceramide [17] . Furthermore, ceramide was shown to induce a transitory increase in pH i (intracellular pH) in relation to the permeability transition pore. This rise in pH i led to conformational changes in Bax which could be responsible for further apoptosis in the ceramide pathway [18] .
TNFα is known to increase the intracellular levels of ceramide through the activation of at least two pathways: one is mediated by SMase (sphingomyelinase) and the other is dependent on Abbreviations used: DAPI, 4,6-diamidino-2-phenylindole; DGK, diacylglycerol kinase; FBS, foetal bovine serum; GFP, green fluorescent protein; IAP, inhibitor of apoptosis; PBS-T, PBS with Tween; pH i , intracellular pH; PP2A, protein phosphatase 2A; SM, sphingomyelin; SMase, sphingomyelinase; bSMase, bacterial SMase; N-SMase, neutral SMase; TNFα, tumour necrosis factor α. 1 ceramide synthesis. For instance, in MCF7 cells treated with TNFα, ceramide generation results in an early peak coupled to the activation of N-SMase (neutral SMase), followed by a later peak resulting from the activation of the de novo pathway [19] . A previous study using a newly characterized inhibitor of N-SMase provides evidence for the first time that activation of the N-SMase in response to TNFα leads to cytochrome c release and mitochondrial dysfunction [20] . Moreover, we have demonstrated that targeting of bSMase to mitochondria causes ceramide accumulation that was sufficient to induce mitochondrial dysfunction (cytochrome c release) and cell death [12] . These results suggest that mitochondrial SM (sphingomyelin) and ceramide pools exist and are involved in apoptosis. As N-SMase is thought to be localized in different compartments, such as the plasma membrane, Golgi, nuclei and mitochondria [21] 
Cell culture and transient transfection
MCF7 breast cancer cells were maintained in RPMI 1640 medium (Life Technologies) supplemented with 10 % FBS (foetal bovine serum) in 5 % CO 2 at 37
• C in a humidified incubator. Cells were seeded at 10 5 cells per 60-mm-diameter dish, and, 24 h after plating, they were transiently transfected with control vectors containing GFP (green fluorescent protein) (pCMV/GFP) or vectors containing bSMase-GFP (pCMV/bSMase-GFP) using Superfect and 3.5 µg of each plasmid per dish. After 3-4 h of incubation with the mixture, the cells were washed with PBS, and fresh medium was added. For Bax translocation assays, MCF7 cells were co-transfected with pCMV/bSMase-GFP vectors plus pEGFP-N1 empty vector at a ratio of 10:1 in order to enhance the fluorescence of positively transfected cells. The construction of all of the vectors has been described in detail in our previous study [12] .
Preparation of cytosolic and mitochondria-enriched fractions
At the indicated time points, plates were washed once with icecold PBS, and floaters in the medium and from the washes were collected by centrifugation at 1300 g for 10 min. Adherent cells were scraped into lysis buffer A (20 mM Tris/HCl, pH 7.4, 150 mM NaCl, 10 mM sodium orthovanadate, 20 mM sodium fluoride, 0.25 M sucrose, 1 mM PMSF, 1 mM dithiothreitol, and 10 µg/ml each of chymostatin, leupeptin, aprotinin and pepstatin). After combining with floaters, cells were lysed by passing them ten times through a 28G 1/2 needle, and then centrifuged at 1300 g for 15 min to remove nuclei and unbroken cells. The supernatant was collected and centrifuged again for 15 min at 5000 g to pellet the mitochondrial fraction. The supernatant was centrifuged for 1 h at 100 000 g to obtain cytosolic fractions. After determining the protein concentration, the cytosolic extracts were diluted with 2× sample buffer, boiled for 7 min and stored at − 80
• C until Western-blotting analysis.
To perform the in vitro experiments, the mitochondrial fraction (approx. 100 µg of protein) was treated with or without 300 munits of bSMase for 1 h at 37
• C. After treatment, mitochondria were washed twice in buffer A and then resuspended in a small volume of buffer A, and the protein concentration was measured. A 5 µg sample of control or bSMase-treated mitochondria was then incubated with 25 µg of cytosolic fraction proteins (100 000 g, supernatant) for the indicated times. The samples were then subjected to centrifugation at 5000 g for 15 min to pellet the mitochondria, and the resultant supernatant (cytosolic fraction) and the mitochondrial fraction were analysed by Western blotting.
Western blotting
Proteins from cytosolic and mitochondria-enriched fractions were resolved by SDS/12 % PAGE for analysis of Bax levels. After transfer to a PVDF membrane (at 80 V for 1 h, at 4
• C), the proteins were blocked for 2 h at room temperature (25
. After a quick wash with PBS-T, membranes were incubated overnight at 4
• C with anti-Bax monoclonal antibodies (clone IF6/IF2; 1:10 dilution in blocking solution) [1] . After a thorough wash of the membranes, proteins were incubated with secondary anti-mouse antibodies (Santa Cruz Biotechnology; 1:6000 in blocking solution) for 45 min at room temperature. The signal was visualized by ECL ® (enhanced chemiluminescence) (Amersham Biosciences).
Immunocytochemistry of Bax
For immunocytochemical analysis, cells were plated at a density of 1.7 × 10 6 cells/100-mm-diameter plate that contained 22-mm glass coverslips. Following treatment, cells were washed three times with PBS, followed by fixation in freshly prepared 3.7 % (w/v) paraformaldehyde for 10 min. The fixed cells were washed three times with PBS for 15 min each, followed by permeabilization in 0.15 % (v/v) Triton X-100 in PBS for 15 min. After washing with PBS, the cells were blocked and treated for 3 h with anti-Bax monoclonal antibodies (clone IF6/IF2; 1:2 dilution in 2 % FBS). The cells were washed three times for 10 min with PBS and incubated for 30 min with a rhodamine-labelled goat anti-mouse IgG (1:200) or a FITC-conjugated goat anti-mouse antibody (1:100 in 5 % FBS in PBS-T; Jackson Immunoresearch Laboratories). Finally, for some samples, the cells were washed three times for 10 min in PBS, stained with 1 µg/ml DAPI and then photographed with an MTI RC300 video camera mounted on a Nikon eclipse TE200 microscope equipped with fluorescence optics, using a video digitizer (SCION Image 1.62) operated through Adobe Photoshop. In some experiments, cells were incubated with 25 nM MitoTracker Red CMXRos for 20 min before fixation to stain the mitochondria. Cells were then processed as described above and observed with a confocal microscope (Olympus IX 70), PerkinElmer Biosciences Ultraview software, spinning disk, using an Olympus × 40, 1.4 numerical aperture, oil-immersion lens. Fluorescence signals were collected after single-line excitation at 543 nm (red) and 488 nm (green).
Subcellular fractionation and ceramide measurement
Cells seeded at 10 6 cells/T150 flask were treated with 3 nM TNFα for 18 h. The medium from each flask was collected, and the cells were washed once with 5 ml of PBS, and floaters from the washes were collected by centrifugation at 1300 g for 10 min. Cells were then scraped in 5 ml of PBS, and each flask was washed with an additional 5 ml of PBS. Cells and washes were pooled with the medium and centrifuged for 10 min at 1300 g (4 • C). The cell pellets were homogenized by passing them 20 times through a 28G 1/2 needle in buffer A, and mitochondrial and cytosolic fractions prepared as described above.
Lipids from each fraction were then extracted as described by Bligh and Dyer [21a] . Total endogenous ceramide levels and endogenous ceramide levels form each fraction were measured using the DGK (diacylglycerol kinase) method as described previously [22] . 
RESULTS
Previous studies in our laboratory showed that ceramide action is compartment-specific in MCF7 cells. In fact, it was observed that ceramide induced cell death specifically when generated in mitochondria, through a mechanism involving the release of cytochrome c from mitochondria [12] . On the other hand, it was also observed that TNFα-induced cytochrome c release involved N-SMase action [20] . Since Bax translocation to mitochondria is known to precede cytochrome c release, we investigated whether TNFα induces the accumulation of ceramide in mitochondria and whether this specific pool of ceramide is involved in the translocation of Bax to mitochondria.
TNFα treatment induces Bax translocation to mitochondria
The effect of TNFα on Bax translocation was determined using Western blotting and immunocytochemistry. MCF7 cells were treated with 3 nM TNFα, and, at the indicated times, cells were collected, fractionated, and Western blotting was performed using cytosolic proteins. As shown in Figure 1(A) , TNFα treatment induced a decrease in Bax protein in the cytosolic fraction in a time-dependent manner. Concomitant to this cytosolic loss, TNFα induced a relocalization of Bax as analysed by immunocytochemistry, resulting in a change of its staining pattern from a diffuse cytosolic distribution in untreated cells to a punctate mitochondrial profile in TNFα-treated cells ( Figure 1B) . After 19 h, TNFα induced a marked translocation of Bax, with 70-75 % of cells having Bax translocated to mitochondria ( Figure 1B ). This punctate pattern was confirmed to be mitochondria, as shown by the co-localization of the endogenous Bax signal with MitoTracker signal ( Figure 1C ). These results demonstrate that TNFα induces the translocation of Bax to mitochondria, in agreement with previous studies [23] [24] [25] .
TNFα induces ceramide generation in mitochondria
It has been clearly established that TNFα-treatment of MCF7 cells results in an accumulation of intracellular ceramide levels. To test whether ceramide accumulation in response to TNFα is, at least in part, occurring in mitochondria, MCF7 cells were treated with TNFα, lysed and fractionated, and ceramide levels were measured in total and mitochondrial fractions. As shown in Table 1 , TNFα treatment caused a 2-fold increase of total cellular ceramide levels. A 2-fold increase of ceramide levels was also observed in lipids that were extracted from the mitochondrial fraction of cells treated with TNFα as compared with control cells, indicating that TNFα induces the production of a ceramide pool in mitochondria. Based on our results, the mitochondrial pool of ceramide that increased in response to TNFα would represent approx. 5 % of the total increase of ceramide in TNFα-treated MCF7 cells (total ceramide increase represented approx. 4.2 pmol of ceramide/total nmol of phosphate, and mitochondrial ceramide increase represented approx. 0.235 pmol of ceramide/total nmol of phosphate). These results suggest that a receptor-mediated death signal induces ceramide production in mitochondria.
Mitochondrial ceramide generation induces Bax translocation
To investigate which pool of ceramide may be involved in Bax translocation, the effect of the overexpression of different bSMase-targeted constructs on Bax translocation was evaluated by immunocytochemistry. As shown in Figure 2 , after 48 h of transfection, targeting the bSMase to the cytoplasm, endoplasmic reticulum or nucleus was without any effect on Bax translocation. In contrast, the targeting of bSMase into mitochondria induced a pattern similar to that observed when TNFα induced Bax translocation from the cytosol to mitochondria ( Figure 3A ) with approx. 55 % of transfected cells showing Bax translocation to mitochondria ( Figure 3B ). Similar results were obtained for all the constructs at 24 and 72 h (results not shown). To ascertain the specificity of the observed translocation pattern, a construct containing an inactive SMase mutant was transfected in MCF7 cells, and Bax translocation was determined. The overexpression of the bSMase-D295G-GFP/Mito mutant (Asp 295 → Gly) did not affect the distribution of Bax, as it retained the same persistent diffuse staining that was present in control cells (Figure 3) . These results suggest that a mitochondrial ceramide pool is selectively involved, at least partly, in Bax translocation into mitochondria. 
Figure 4 Treatment of mitochondria with bSMase induces Bax association with mitochondria
Mitochondrial fraction was prepared by fractionation as described in the Experimental section, and treated with or without 300 m-units of bSMase for 1 h at 37 • C. Mitochondrial fraction (5 µg of protein) was then incubated with 25 µg of cytosolic fraction for the indicated times at 37 • C. At the end of incubation, the mitochondrial and cytosolic fractions were separated by centrifugation (5000 g for 15 min) and Bax translocation was evaluated by Western blotting as described in the Experimental section, but in the absence of SDS. Cyto, cytoplasm; Mito, mitochondria.
In vitro, Bax associates with mitochondria treated with exogenous bSMase
To determine if ceramide generation is sufficient to induce Bax redistribution, Bax translocation to mitochondria was assessed by measuring the association of Bax to the mitochondrial fraction in a reconstituted cell-free system. Thus an enriched mitochondrial fraction was treated with exogenous bSMase in order to generate ceramide, and Bax association with mitochondrial membranes was then studied by Western blotting. As shown in Figure 4 , when the cytosolic fraction was incubated with the mitochondrial fraction treated with bSMase, a time-dependent decrease of Bax protein in the cytosolic fraction was observed with a concomitant increase in Bax association to the mitochondrial fraction. This redistribution did not occur when the cytosolic fraction was incubated with untreated mitochondria. These results strongly suggest that ceramide produced from a mitochondrial pool of SM may be sufficient to induce Bax translocation from the cytosol to mitochondria.
DISCUSSION
In the present study, we investigated the role of the mitochondrial pool of ceramide in response to a receptor-mediated apoptosis induced by TNFα. Our results demonstrate that the generation of ceramide at the level of mitochondria indeed occurs physiologically in a receptor-mediated event. In fact, fractionation experiments showed that a significant increase in ceramide levels in response to TNFα occurs in a mitochondrial-enriched fraction. Our results also show that the generation of ceramide in mitochondria drives Bax translocation and cytochrome c release, whereas ceramide accumulation in other subcellular compartments does not itself promote mitochondrial activation. Moreover, ceramide generation from bSMase-treated mitochondria in vitro appears to be sufficient for Bax translocation to mitochondria.
TNFα induces cell death through a complex process that involves protein-protein interactions and the participation of several intermediates, including ceramide. Strong support exists for ceramide generation through SMase activation in apoptotic pathways induced by TNFα (for reviews see [26, 27] ). Several studies have implicated the N-SMase isoform [20, 28, 29] in apoptosis induced by death receptors. On the other hand, an important role of A-SMase (acid SMase) in TNFα-mediated apoptosis has also been shown [30] [31] [32] . It was also shown that in MCF7 cells, ceramide generation in response to TNFα results from de novo formation and N-SMase activation [19] . In addition, we recently showed that the activation of N-SMase in response to TNFα is involved in mitochondrial dysfunction [20] , and demonstrated for the first time, by overexpression of bSMase, that mitochondrial SM and ceramide pools are involved in cell death [12] . Our results from this study are in agreement with those of Garcia-Ruiz et al. [33] , who demonstrated an accumulation of ceramide in purified mitochondria following treatment with TNFα.
We showed recently that overexpression of bSMase in mitochondria induces cell death through cytochrome c release, but how mitochondrial ceramide induces the release of cytochrome c remains unanswered. Bax translocation to mitochondria is a recognized event that precedes and regulates cytochrome c release. It is known that, after apoptotic stimulation, conformational changes occur in the N-and C-termini of the Bax protein. These events result in Bax translocation, oligomerization and integration into mitochondrial membranes, thus promoting the permeabilization of the outer mitochondrial membrane and leading to the release of intermembrane proteins [34] . In the present study, we show that mitochondrial ceramide (overexpression of MitobSMase) enhances the translocation of Bax to the mitochondria. Thus it is highly likely that mitochondrial ceramide induces the release of cytochrome c by first inducing the translocation of Bax.
Cross-talk between ceramide and Bax has been addressed in several studies. One mechanism by which ceramide might induce apoptosis is by increasing the Bax/Bcl-2 or Bax/Bcl-x L ratio [35, 36] . It has also been shown that ceramide potentiates the induction of mitochondrial permeability transition by Bax in a synergistic manner [16] . Recently, von Haefen et al. [17] showed in human carcinoma cells that ceramide induces mitochondrial activation via a Bax-dependent and caspase-independent pathway. In addition, they also demonstrated that ceramide treatment induces a conformational change in Bax, and proposed that a possible interaction between ceramide and Bax leads to the N-terminal conformation change in the Bax protein [17] . Furthermore, it has been shown in an in vitro assay using isolated mitochondria, that recombinant Bax opened the mitochondrial permeability transition pore, an event potentiated by exogenous addition of ceramide [16] . Our results using bSMase targeted to mitochondria, coupled with our results from treating isolated mitochondria with bSMase, strongly suggest that enrichment of ceramide in mitochondria is sufficient both in cells as well as in vitro to induce association of Bax to this organelle.
Taken together, these observations argue in favour of an interaction between ceramide and the mitochondrial membrane, thereby facilitating the insertion of Bax into mitochondrial membranes. It should be mentioned that ceramide action on mitochondria might also require dephosphorylation events involving ceramidedependent phosphatases, such as PP2A, as suggested from studies showing the effect of ceramide on Bcl-2 phosphorylation [13] . On the other hand, as discussed above, in MCF7 cells, TNFα induces the production of ceramide through the de novo and SMase pathways, indicating that TNFα-induced apoptosis involves several ceramide pools, including a mitochondrial pool. If one considers a role of the mitochondrial ceramide pool in the mitochondrial pathway of apoptosis (Bax translocation, cytochrome c release and other effects) then what is the role of the nonmitochondrial ceramide pools in TNFα-induced apoptosis? The answer to this question is not known. Recent data suggested that the protein kinase Akt might be a target of ceramide, thus ceramide could signal mitochondrial apoptosis by inhibiting the Akt [37, 38] , which has been shown to phosphorylate Bad. Phosphorylation of Bad via growth factor receptor signalling and the Akt kinase releases Bcl-x L to target mitochondria. Thus inhibition of Akt by ceramide leads to inhibition of the anti-apoptotic protein Bcl-x L by Bad.
An important conclusion from the present study is that apoptosis induced by TNFα involves several pools of ceramide, at least in part a mitochondrial ceramide pool, that could have different or common targets in the apoptotic machinery. The identification of these targets requires further investigation. 
